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Random transposon mutagenesis is the strategy of choice for associating a phenotype with its unknown
genetic determinants. It is generally performed by mobilization of a conditionally replicating vector delivering
transposons to recipient cells using broad-host-range RP4 conjugative machinery carried by the donor strain.
In the present study, we demonstrate that bacteriophage Mu, which was deliberately introduced during the
original construction of the widely used donor strains SM10 Apir and S17-1 Apir, is silently transferred to
Escherichia coli recipient cells at high frequency, both by ifr and by release of Mu particles by the donor strain.
Our findings suggest that bacteriophage Mu could have contaminated many random-mutagenesis experiments
performed on Mu-sensitive species with these popular donor strains, leading to potential misinterpretation of
the transposon mutant phenotype and therefore perturbing analysis of mutant screens. To circumvent this
problem, we precisely mapped Mu insertions in SM10 Apir and S17-1 Apir and constructed a new Mu-free
donor strain, MFDpir, harboring stable hfr-deficient RP4 conjugative functions and sustaining replication of
II-dependent suicide vectors. This strain can therefore be used with most of the available transposon-delivering
plasmids and should enable more efficient and easy-to-analyze mutant hunts in E. coli and other Mu-sensitive

RP4 host bacteria.

Functional study of the genes of a given organism is an
essential step toward biological characterization. This is gen-
erally performed by gene alteration using procedures designed
to either modify or delete specific target genes or to introduce
random mutations in the genome of the studied bacterium (8,
20, 24, 30). Many of these strategies rely on the integration of
an exogenous fragment of DNA, such as an antibiotic marker
or a transposon, taking advantage of processes involved in
natural horizontal gene transfer, such as transformation, phage
transduction, or bacterial conjugation (37).

One of the most popular methodologies for performing un-
biased genetic screens is the analysis of the phenotypic conse-
quences of random insertion of transposon elements. While
transposon mutagenesis can now be achieved using partial or
total in vitro procedures, the method of choice usually involves
efficient conjugative transfer from a donor strain to the target
recipient strain of a conditionally replicative suicide vector
carrying transposon delivery machinery (19-21). Once in the
recipient cell, the vector cannot replicate, allowing subsequent
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selection of a random transposon insertion in the bacterial
genome.

Conditionally replicating plasmids of the R6K family (IncX)
are very often used to deliver gene-inactivating elements in
enteric bacteria (11, 28, 38). The replication of these plasmids
requires the pir-encoded II protein, which is usually provided
in trans in the donor strain. In the absence of 11 in the recipient
strain, these plasmids cannot replicate. Therefore, these “sui-
cide” vectors are rapidly lost but allow the integration of pas-
senger exogenous DNA carrying selection markers through
transposition or homologous recombination in the chromo-
somes of recipient strains. Although the delivery of these con-
ditional replicative plasmids can be achieved through trans-
formation, this is a highly inefficient procedure, even in
transformable bacteria. Common derivatives of these plasmids
that carry the oriT transfer origin of the broad host-range
conjugative plasmid RP4 (IncPa) were therefore constructed
(45). Such plasmids can be mobilized and transferred between
Gram-negative and even some Gram-positive bacteria, pro-
vided that the RP4 delivery machinery is expressed in trans
from a plasmid or from chromosomal inserted genes (17, 40).

In the early 1980s, Piihler and collaborators designed two
specialized Escherichia coli donor strains, SM-10 and S17-1,
which enable mobilization of oriT-containing plasmids to a
broad range of recipient strains through RP4-dependent con-
jugative transfer (Fig. 1) (40). Later, Apir prophage was intro-
duced into both strains to enable replication of II-dependent
suicide vectors (14, 28). These two strains carry, at different
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FIG. 1. History of construction of S17-1 Apir(pSC189) and SM10
\pir(pSC189) donor strains for transposon-based random mutagenesis
using the R6K suicide plasmid pSC189. The RP4-2-Tc::Mu plasmid
carries loci coding for RP4 conjugation machinery (Tral, Tra2, and
Tra3), a tetracycline resistance marker interrupted by Mu (Tc::Mu),
and genetic elements coding for kanamycin resistance (Km").
RP4-2-Tc::Mu integration into the chromosome of E. coli was isolated
after cotransformation with the incompatible mini-RP4 plasmid
pSR120 and selection for clones displaying both kanamycin and tetra-
cycline resistance (step 1). The clones obtained were cured from
pSR120, leading to SM10 (parental strain, S49-20 Km") or S17-1 (pa-
rental strain, E. coli 294 Sm" Tp", following inactivation of the RP4-
associated kanamycin resistance gene by Tn7 insertion), which contain
the integrated RP4-2-Tc::Mu plasmid (ChRP4), as described previ-
ously (step 2) (40). For simplicity, only a single depiction is presented
for strains SM10 and S17-1. Finally, the Il-encoding gene pir was
introduced at the \ site (step 3), and the strains were transformed with
the suicide vector pSC189, which carries a mariner-based transposon
(Tn) and its C9 transposase (transposase) and harbors the RP4-de-
pendent origin of conjugation, oriT, for mobilization and the II-depen-
dent origin of replication, oriR6K (step 4) (11, 14, 28).

chromosomal locations, an RP4 derivative, RP4-2-Tc::Mu, in
which the RP4 tetracycline resistance gene is interrupted by a
fully functional Mu temperate prophage that could potentially
undergo lytic development and liberate phage particles. These
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genetic procedures led to the creation of SM10 Apir, which is
kanamycin resistant, and S17-1 Apir, which is kanamycin sen-
sitive and streptomycin/trimethoprim resistant (Fig. 1). These
strains have since been widely used for genetic analyses per-
formed by random mutagenesis or allelic exchange in E. coli (4,
23, 29, 38) and many other bacteria: Salmonella enterica sero-
var Typhimurium (25, 27), Sinorhizobium meliloti (33), Pseudo-
monas fluorescens (52), Erwinia carotovora (32), Vibrio cholerae
(28), and many more.

Although generally disregarded, it has been reported that
the oriT located within the RP4-2-Tc::Mu region can promote
hfr conjugative transfer of chromosomal genes, including trans-
posable elements native to the E. coli donor strain (3, 40, 41).
Whereas mutations of the oriT nic region of RP4-2-Tc::Mu
prevent the mobilization of the integrated RP4 (3), there
were also reports mentioning that phenotypes displayed by
transconjugants obtained using S17-1 Apir or SM10 \pir were
either unstable or not linked to the insertion event, suggesting
that secondary mutational events could also have occurred
(references 3, 26, and 38 and our own observations).

Here, we show that bacteriophage Mu originating from the
RP4-2-Tc::Mu derivative present in S17-1 Apir and SM10 \pir
chromosomes can transfer to E. coli recipient strains at very
high frequency concomitantly with bona fide transposon mu-
tagenesis. This silent Mu insertion in Mu-sensitive strains,
therefore, leads to a double-mutagenesis procedure and could
be at the origin of some inconsistencies reported in genetic
screens performed via RP4-mediated transposon mutagenesis
using S17-1 \pir or SM10 Npir strains. To circumvent this prob-
lem, we constructed a new Mu-free E. coli donor strain,
MFDpir (for Mu-free donor), that will simplify the analysis of
future mutant hunts performed in E. coli and other Mu-sensi-
tive RP4 host bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. All experiments were carried out
in lysogeny broth (LB) medium (MP Biomedicals, LLC; 10 g/liter tryptone, 5
glliter yeast extract, 10 g/liter NaCl) at 37°C (5). When required, antibiotics were
added to the medium at the following concentrations: ampicillin (Ap) (100
pg/ml), apramycin (Apra) (30 pg/ml), chloramphenicol (Cm) (25 wg/ml), eryth-
romycin (Erm) (200 wg/ml), kanamycin (Km) (50 wg/ml), streptomycin (Sm)
(100 pg/ml), tetracycline (Tc) (7.5 pg/ml), and zeocin (Zeo) (50 pg/ml). Detec-
tion of the Lac™ phenotype was done on plates containing 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-Gal) (40 wg/ml) and isopropyl B-p-1-thio-
galactopyranoside (IPTG) (0.1 mM). dapA::pirl16-erm mutants were grown in
medium supplemented with 0.3 mM diaminopimelic acid (DAP). Most gene
deletions and replacements with an antibiotic resistance cassette were performed
using the N Red linear DNA gene replacement system and the 3-step PCR
procedure described previously (16) and on our website (http://www.pasteur.fr
/recherche/unites/Ggb/3SPCRprotocol.html). Briefly, the 500-bp left and 500-bp
right regions flanking the gene to be deleted were amplified using gene.500-5/
gene.cassette.L-3 and gene.cassette.L-5/gene.500-3 primer pairs, respectively
(Table 2) and fused to the antibiotic resistance cassette by PCR. Alternatively,
some constructions were made using linear DNA obtained in a single-step
procedure; in this case, the PCR products of the DNA fragment to be inserted
were flanked by 40-bp sequences homologous to the target region and amplified
using primers gene.cassette. TL-5 and gene.cassette. TL-3 (Table 2). The PCR
products were finally introduced by electroporation into cells expressing A Red
recombinase from plasmid pKOBEG or pKOBEGA, and transformants were
recovered on selective LB agar plates. Mutations were confirmed by PCR am-
plification of the targeted genomic region using primers gene.ext-5 and gene-
.ext-3 (16). The sequences of all the primers used are given in Table 2. Mutations
were moved between strains by Plvir transduction.
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TABLE 1. E. coli strains and plasmids used in this study
Name Genotype or main characteristics 22:;?;?122 Reference
Strains
JW2669 BW25113 ArecA::kan Km" 2
MFDpir MG1655 RP4-2-Tc::[AMul::aac(3)IV-AaphA-Anic35-AMu2::zeo] Apra" Zeo" Erm" This study
AdapA::(erm-pir) ArecA
MG1655 K-12 wild-type strain 6
MG1655-s Spontaneous streptomycin-resistant mutant of MG1655 Laboratory collection
MG1655 Alac MG1655 AlaclZ::cat Lac™ Cm* This study
MG1655-s Alac MG1655-s AlaclZ::frt Lac™ Sm" This study
S17-1 Npir (F7) RP4-2-Tc::Mu aphA::Tn7recANpirlysogen Sm" Tp* 40
SM10 Npir (F7) RP4-2-Tc::Mu recA \pir lysogen Km" 40
7249 (F7) RP4-2-Tc::Mu Anic35 AdapA::(erm-pir) Km" Erm* 3
Plasmids
pKD3 Source of the cat::FRT cassette Ap' Cm" 12
pKOBEG oriR101ts araC arabinose-inducible Ared yBa operon Cm" 9
pKOBEGA pKOBEG derivative Ap" 9
pSC189 oriT I1-dependent ori R6K mariner-based transposon TnSC189 Km" Ap* 11
pSC189-Cm Like pSC189 but carries TnSC189 Akan::cat Cm" Ap" F. Leroux
pCP20 Rep(Ts) Flp* Cm" Ap" 10

Bacterial mating and pSC189 mutagenesis. The recipient strain and the donor
strain with or without the pSC189 plasmid were grown to an optical density at
600 nm (ODy) of 0.6, at 37°C with aeration, washed twice, and resuspended in
fresh LB medium to a similar ODyy,. Six hundred microliters of the donor strain
and 200 pl of the recipient strain were mixed. The bacteria were pelleted by
centrifugation, resuspended in 30 pl of medium, and spotted on 0.45-wm nitro-
cellulose filters, which were placed on LB agar plates. After 24 h at 37°C,
bacterial cells were recovered from the filter in 1.5 ml LB. Serial dilutions of the
suspension were made and plated on selective media. When appropriate, 10 mM
sodium citrate was added to the agar plates during mating and during transcon-
jugant selection. Finally, several transconjugants were selected and screened for
the Lac™ phenotype (blue colonies on X-Gal), lacIZ insertion (by PCR, using
primers LACZ.ACTIV.A1.500-5 and LacZatg+100-3), or Mu insertion (by
PCR, using primers Mu1470bp-5 and Mu1470bp-3). The percentage of transcon-
jugants containing pSC189, which could have been stabilized by transfer of A\pir
to the recipient strain, was determined by plating on ampicillin-containing plates
and stood below 2% in all matings performed.

Localization of bacteriophage Mu insertions in the chromosome. The site of
the Mu insertion was determined by arbitrary primed PCR (31). One microliter
of a suspension of the mutant to be analyzed was added to 50 pl of a PCR
mixture (1.5 mM MgCl,, 50 mM KCI, 0.2 mM each deoxynucleoside triphos-
phate [dNTP], 20 mM Tris-HCI, pH 8.4, 0.05 U/ul LA Taq [TaKaRa]) containing
0.6 wM randomized primers ARB1 and ARB6 and 1.2 pM MuL.200-3, which
hybridized the left-end region of Mu. The amplification conditions were as
follows: 5 min at 94°C; six cycles of 30 s at 94°C, 30 s at 30°C, and 3 min at 72°C;
30 cycles of 30 s at 94°C, 30 s at 45°C, and 3 min at 72°C; and 5 min at 72°C. A
second round of PCR was subsequently performed after dilution of 1 pl from the
first PCR mixture into 50 pl of a fresh PCR mixture. This second amplification
(40 cycles of 30 s at 94°C, 30 s at 60°C, and 3 min at 72°C; 5 min at 72°C) was
carried out with 1.2 pM ARB2 and 1.2 uM MuL.100-3 as primers. The PCR
products were purified by migration on agarose gels and sequenced using
MuL.100-3. The sequence flanking the right-end region of Mu was determined
similarly using MuR.200-5 and MuR.100-5, respectively.

Detection of Mu in S17-1 Apir and SM10 Apir culture supernatants. S17-1 \pir
and SM10 Mpir cells were grown at 37°C in LB until late exponential phase
(ODgyp = 1). The supernatant was harvested and filter sterilized (0.22 pm).
Twenty microliters was spotted onto a lawn of Mu-sensitive bacteria inoculated
to an ODg, of 0.001 in fresh LB agar (0.75% [wt/vol]) supplemented with 10
mM MgSO, and 20 mM CaCl, (42). The plates were incubated at 37°C over-
night, and the emergence of plaques was examined the next day. In parallel,
cultures of the sensitive strain in liquid LB containing 10 mM MgSO, and 20 mM
CaCl, were inoculated to an ODy of 0.05 and grown in the presence of 100 .l
of serial dilutions of S17-1 \pir or SM10 Apir supernatants. The presence of Mu
was assessed by premature lysis of the culture. Both kinds of experiments were
carried out in LB supplemented with 50 mM sodium citrate as a negative control.

Construction of the new Mu-free donor strain MFDpir. The two copies, Mul
and Mu2, flanking RP4 in »7249 were deleted and replaced by cassettes encod-
ing resistance to apramycin or zeocin, respectively. The cassettes were obtained
by PCR amplification using the Phusion Flash High-Fidelity PCR Master Mix
(Finnzymes). The primers MuL-apra-L3 and tetR.MuR.apra.L-5 were designed
so that the apramycin cassette removed the Mul copy, with the exception of 640
bp at the 5" end and the 'fet4-tetR remaining downstream region; as for the
zeocin resistance cassette, the primers tetA.zeo.L-3 and glvB.zeo.L-5 were de-
signed to remove the entire Mu2 copy and the tet4” remaining upstream region
(Table 2). The new construct was then transduced into MG1655, and the absence
of any Mu was confirmed by PCR using Mu1470bp.500-5 and Mu1470bp.500-3.
In order to remove the RP4-associated kanamycin resistance marker, most of the
aphA gene of RP4 was replaced by the cat-Flp recombination target (FRT)
cassette carried by pKD3 (12). This cassette was amplified by PCR using the
primers apha.Cmfrt. TL-5 and apha.Cmfrt.TL-3. The chloramphenicol resistance
marker was subsequently excised using the Flp recombinase-encoding plasmid
pCP20, as previously described (10). In order to enable replication of R6K
plasmids in this strain, the dapA::pirl16-erm mutation, which codes for the II
protein, was introduced by Plvir transduction, and transductants were checked
by PCR using primers dapA.100-5 and dapA.100-3 (15). Finally, possibilities for
unwanted internal homologous recombination were reduced by introducing the
ArecA::kan mutation. To do so, the ArecA::kan from the Keio collection was
amplified by PCR using primers recA.500-5 and recA.500-3 and integrated into
the chromosome by A Red recombination (2). The associated kanamycin resis-
tance marker was excised using pCP20 (2, 10). The inability of MFDpir to
produce Mu particles in culture supernatant was confirmed as described above.

RESULTS

Evidence for bacteriophage Mu transfer between donor and
recipient strains during transposon mutagenesis using E. coli
S17-1 Apir or SM10 Mpir. Bacterial genetic screens often in-
volve RP4-mediated mobilization of pir-dependent suicide vec-
tors that deliver transposons into the genomes of pir-less re-
cipient strains, in which they cannot replicate. During the
course of such a genetic analysis, we used the well-known
donor strain E. coli S17-1 \pir(pSC189) to deliver a TnSC189
kanamycin-resistant mariner-based transposon into E. coli
MG1655 Alac (11). Intriguingly, we characterized a transcon-
jugant with a transposon inserted into a region corresponding
to bacteriophage Mu DNA. Considering the absence of Mu in
the original recipient strain and the presence, by construction,
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TABLE 2. Primers used in this study

Strain construction and

analysis Name Sequence
AlaclZ::cat lacl.ext-5 5'-GGGCGATCTGTTGCGCGAAG-3’
lacl.500-5 5'-CTTATCCTTTCACCGGGCAATG-3'
lacl.cat.L-3 5'-CTGCGAGTGATCTTCCGTCACAGGATTCACCACCCTGAATTGACTCT-3’
lacZ.cat.L-5 5'-GATGAGTGGCAGGGCGGGGCGTAATAATAACCGGGCAGGCCATGTC-3’
lacZ.500-3 5'-CGACCAAATTCGAAATTACTG-3'
lacZ.ext-3 5'-CAAACTGATTATTGATGGTGAACA-3’

lacl-lacZ intergenic region

Random-primed PCR

Localization of Mu

Detection of Mu

AMul::apra

AMu?2::zeo

AaphA::cat-FRT

ArecA::kan-FRT

AdapA::pirl16-erm

LACZACTIV.A1.500-5

lacZATG+100-3

ARB1
ARB2
ARB6

MuR200-5
MuR100-5
MuL200-3
MuL100-3

Mu1470bp.500-5
Mu1470bp.500-3

MuL.apra.ext-5
Mu.apra.500-5
MuL.apra.L-3
tetR.MuR.apra.L-5
tetR.apra.500-3
tetR.apra.ext-3

tetA.zeo.ext-5
tetA.zeo.500-5
tetA.zeo.L-3
glvB.zeo.L-5

glvB.500-3
glvB.ext-3

apha.Cmfrt.ext-5
apha.Cmfrt.TL-5

apha.Cmfrt.TL-3
apha.Cmfrt.ext-3
recA.ext-5
recA.500-5
recA.500-3
recA.ext-3

dapA.100-5
dapA.100-3

5'-CTCACTCGCAATCAAATTCAG-3’
5'-GGGGGATGTGCTGCAAGGCGATTAAG-3’

5'-GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT-3’
5'-GGCCACGCGTCGACTAGTAC-3'
5'-GGCCACGCGTCGACTAGTACNNNNNNNNNNACGCC-3'

5'-AATTTAATCAGTATCGCTAC-3’
5'-ATGTAATGAATAAAAAGCA-3’

5'-GTTTTGAACGTTTTTTGAAG-3’
5'-CTAAAATTTGCACTACAGGC-3’

5'-GTTACTTTTCAAAATTTAAAC-3’
5'-CGCAGATAATCTGCAATCAG-3’

5'-ACATTGGATTATTCGGGATC-3'
5'-CGGGATCTGATGGGATTAGATTTG-3'
5'-CAAGGGCTCCAAGGATCGGGCCTTGATAAACAAATTAACCACAACC-3’
5'-CGCCAGTCGATTGGCTGAGCTCATGATCAGGACCGCTGCCGGAG-3'
5'-CGGCGTTTCTGGCGCGTTTG-3'

5'-CCACATCATCTGTGGGAAACTC-3'

5'-ATATTTCGCTATTCTGGAGC-3’

5'-GGTGTTGACACCAAACGCAG-3'

5'-GTCAACACGTGCTCGGATCCAGAATCGTGGAAACGATAGGCCTATG-3'

5'-TTCGTGGCCGAGGAGCAGGACTGAACAGCTCGATAGCTTAATTAATT
C-3

5'-GCATGTCACAGATGTTGAGG-3’

5'-GCGGGATATCGCCGACCACC-3’

5'-ACTACGAAATCGCCTACAGC-3’

5'-TGAAATGGTGAGATTGCGTTGGCTGGCGGGGCACATTTCTTAATGTGTA
GGCTGGAGCTGCTTC-3’

5'-CCCGCCCAACGTCGATGCAGCCGACTACCTTACCTTCGATTAGTTCCTAT
TCCGAAGTTC-3’

5'-GCATGAAAATGGCAAATAAC-3’

5'-GTGCTATCTTGTCCGGCATA-3’
5'-GTTAAGTGAACAGGTTGGGC-3’
5'-CAGAAAACGCTGGATCTTAAC-3’
5'-CTTCCATCAGATAGCCACGA-3’

5'-TGAGTTGTTCTTAAGGAAAG-3’
5'-CAGGCAGCGAGTAATAAAACAAG-3’

of an integrated Mu derivative

in E.

S17-1\pir alternative strain SM10 \pir also led to frequent transfer of Mu

(RP4-2-Tc::Mu) (see the introduction) (Fig. 1), we investi-
gated the potential silent transfer of Mu from E. coli S17-1 \pir
into recipient cells. We screened more than 100 transconju-
gants by PCR using primers specific for Mu transposase gene
A, and we indeed found that, in addition to TnSC189 transpo-
son insertion, 63% * 13% of them also carried bacteriophage
Mu DNA into their chromosomes (Table 3). Moreover, a high
frequency of Mu (61% = 17%) was also observed in recipient
cells when conjugation was performed using a plasmid-free
S17-1 Npir, suggesting that the transfer of Mu is independent of
the bona fide transposon delivery (Table 3). The use of the

into E. coli recipients, thereby demonstrating that the popular
donor strains E. coli S17-1 \pir and SM10 \pir are sources of
very significant contamination by bacteriophage Mu (Table 3).

Release of Mu phage particles in E. coli S17-1 Apir and
SM10 Mpir culture supernatants. The presence of an
RP4-2-Tc::Mu insertion into the genome of E. coli S17-1 Npir
or SM10 N\pir qualifies these two strains as Mu lysogens that
should spontaneously release Mu at a frequency of 10~* bac-
teria (47). In order to check for the presence of free Mu phage
particles in E. coli S17-1 A\pir and SM10 \pir culture superna-
tants, we spotted a drop of filter-sterilized supernatant onto a
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TABLE 3. Frequencies of Mu and Lac™ transfers during conjugation with SM10 Apir and S17-1 Apir donor strain derivatives

Transconjugant % Mu

Donor [relevant characteristics] (plasmid)® Recipient frequency” transfer® % Lac™*
S17-1 Npir [ChRP4 pir'*] (pSC189) MG1655 Alac 1.7x1072+55%x 1073 63 =13 0.014 = 0.009
S17-1 Apir [ChRP4 pir*] (pSC189) with 10 mM MG1655 Alac with 10 mM 34x10°+18x103 35+34 ND?

sodium citrate sodium citrate
S17-1 Apir [ChRP4 pir*] MG1655 Alac ND 61 = 17°¢ 0.55 = 0.37¢
SM10 A\pir [ChRP4 pir*] (pSC189-Cm) MG1655-s Alac 63x1072*54x10"2 89 = 10 <0.001
7249 [ChRP4Anicpir+] (pSC189-Cm) MG1655-s Alac 12X103+32x10°* 93+3 <0.001
MFDpir [ChRP4 Anic AMu pir'] (pSC189-Cm) MG1655-s Alac 20X 103 +1.0x103 <0.72 <0.001

“ ChRP4, chromosomal integration of RP4-2-Tc::Mu.

> Expressed as the mean number * standard deviation of transconjugants per recipient cell.
¢ Expressed as the percentage + standard deviation of events in the transconjugant population. The percentage of Mu transfer was determined by PCR on 46 colonies
per mating. The percentage of Lac™ colonies was determined by plating on X-Gal-containing agar plates. Three independent matings were done for each condition.

4 ND, not determined.

¢ Expressed as the percentage *+ standard deviation of events in the exconjugant recipient population.

lawn of Mu-sensitive MG1655 Alac or Mu-resistant MG1655
Alac already carrying a Mu bacteriophage. Incubation at 37°C
revealed confluent lysis plaques in the case of the Mu-sensitive
MG1655 Alac strain only, confirming that the lysis was Mu
dependent and that Mu particles were released by the donor
strains into the medium (Fig. 2 and data not shown). Consis-
tently, the addition of filter-sterilized S17-1 Apir supernatant
into an exponential-phase liquid culture of MG1655 Alac led to
cell lysis, as monitored by a decrease in culture turbidity (data
not shown). PCR analysis of the surviving bacteria after they
were plated on LB agar plates showed that 22% of them had
acquired a Mu prophage.

Mapping RP4-2-Tc::Mu insertions in E. coli S17-1 Apir and
SM10 Npir. E. coli S17-1 \pir and SM10 A\pir were constructed
in the early 1980s, but the location and mechanism of
RP4-2-Tc::Mu insertion into the E. coli chromosome have
been poorly described (40). We therefore mapped the location
of Mu insertion in E. coli S17-1 \pir by random-primed PCR
using primers specific for the left and right extremities of the
Mu sequence, and we determined that two potentially func-
tional copies of Mu flanked the integrated RP4 replicon in-

Bacteria lawn

Mu+

Supernatant Mu-
source

S17-1

S17-1 Apir

FIG. 2. Mu particles are released into the supernatant of S17-1 and
S17-1 Npir cultures. Confluent lysis was observed when a drop of
filter-sterilized supernatant of S17-1 or S17-1 Apir culture was spotted
onto a lawn of growing MG1655 Alac cells (Mu™). In contrast, no
(S17-1 supernatant) or very few (S17-1 Apir supernatant) plaques ap-
peared when the same supernatants were spotted on a lawn of a Mu
lysogenic derivative (Mu™), confirming that the lysis is Mu dependent
and that Mu particles are present in the supernatant. Mu-independent
lysis observed using S17-1 Apir supernatant probably results from re-
lease of N phage particles into the medium.

serted in mhpC at position 371203 of the E. coli chromosome,
close to the lacZ gene (position 365529) (Fig. 3A). The two
copies of Mu are in the same orientation, indicating that inte-
gration of RP4-2-Tc::Mu into the original E. coli 294 back-
ground arises from a Mu-driven replicon fusion mechanism
(47). As the integration of RP4-2-Tc::Mu occurred indepen-
dently in the two donor strains (see the introduction), we also
determined that the two copies of Mu flanking the RP4 region
in SM10 \pir were at position 3859682 on the chromosome in
the glvB gene (minute 83). This location is consistent with
genetic evidence provided in 1983 by Simon et al., who mapped
the RP4-2-Tc::Mu integration site in SM10 A\pir next to the
methionine marker in the met ilv arg region (minute 89) (40).
We also determined that an additional copy of the Mu pro-
phage was located outside the RP4-2-Tc::Mu region in SM10
Apir, at position 2450790 (minute 53) in the yfcU gene.
Evidence for hfr Mu transfer into recipient cells. We took
advantage of the insertion of RP4-2-Tc::Mu in the vicinity of
lacZ on the chromosome of S17-1 Apir to evaluate the possi-
bility of transfer of RP4-2-Tc:Mu flanking regions into
MG1655 Alac (a Lac™ strain) by Afr transfer (35, 40, 50).
As shown in Table 3, a large proportion of MG1655
Alac transconjugants obtained with S17-1 Npir or S17-1
A\pir(pSC189) as donor strains and plated on X-Gal-containing
agar plates displayed a Lac™ phenotype (blue colonies). Using
primers hybridizing on the lacIZ region initially absent from
MG1655 Alac, we amplified a product corresponding to the
wild-type lacIZ region in all tested blue transconjugants, indi-
cating that this Lac™ phenotype resulted from the insertion of
a functional lacIZ region (data not shown). Moreover, the use
of primers hybridizing on the left extremity of Mu showed that
this functional lacIZ region was genetically linked to Mu (Fig.
3B). Finally, conjugations performed in MG1655-s Alac using
a donor strain carrying a mutation in an RP4 oriT nic site that
impairs transfer of chromosomal DNA, w7249(pSC189-Cm),
did not produce any transconjugants with a Lac™ phenotype
(3). These results confirmed that Afr-mediated cotransfer of
Mu and the adjacent lac region is a frequent event when S17-1
A\pir is used. In contrast, transconjugants displaying a Lac™
phenotype were never observed when E. coli SM10 Npir was
used as the donor strain, which is consistent with the
RP4-2-Tc::Mu insertion position in the strain (minute 83),
distant from the lacZ gene (minute 8). Interestingly, conjuga-
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FIG. 3. Genetic map of Mu insertions in E. coli S17-1\pir. (A) Structure of the RP4-2-Tc::Mu insertion region in E. coli S17-1 \pir showing
the lacZ region and the oriT-carrying RP4 core plasmid flanked by the two copies of bacteriophage Mu, Mul and Mu2, in the same orientation.
(B) PCR analysis of the junction between Mu and lacZ in S17-1 Apir, MG1655 Alac, and a random Lac* transconjugant obtained by conjugation
between these strains, using primers lacZatg+100-3 and MuL.100-3. The region amplified using these primers is shown in panel A.

tion using the Afr-defective strain »7249(pSC189-Cm) still pro-
duced a high frequency of Mu-carrying transconjugants
(93% £ 3%). These data therefore suggested that de novo
infection via Mu phage particles released by the donor strains
S17-1 Apir and SM10 N\pir may occur concomitantly with con-
jugative transfer of transposon delivery plasmids and not ex-
clusively by Afr transfer (Fig. 4).

Site-directed removal of Mu from RP4-2-Tc::Mu-containing
donor strains leads to Mu-free delivery of transposons to re-
cipient strains. The presence of Mu prophages in donor strains
results in undesirable markerless insertion events in recipient

strains that interfere with analysis of the mutagenesis outcome.
To try to inhibit Mu infection of recipient bacteria, we per-
formed mating in the presence of 10 mM sodium citrate, but
we still observed high frequencies of Mu transfers in this case
(around 30% of the transconjugants) (Table 3). Therefore, to
circumvent the problem, we decided to construct a new Mu-
free strain. We chose the SM10 derivative w7249 as a template
to take advantage of the Anic35 mutation introduced into the
RP4-2-Tc::Mu oriT locus, which prevents the transfer of chro-
mosomal DNA by Afr (3). The analysis of the RP4 region of
SM10 Npir revealed that integration of RP4-2-Tc::Mu into the

RP4 conjugation
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FIG. 4. De novo infection by Mu during conjugation results in a second mutation event in the recipient strain. (Step 1) During conjugation,
pSC189 is transferred to the recipient cell using the mobilization and conjugation functions of the RP4 plasmid integrated into the chromosomes
of donor strains S17-1 A\pir and SM10 N\pir (ChRP4). (Step 2) Once in the cell, the pSC189-carried transposon (gray box) integrates into the
chromosome, altering the expression of a gene and its associated function. (Step 3) In parallel, the ChRP4-associated Mu prophage (triangle) is
induced spontaneously into a subpopulation of donor cells. Mu particles (tailed hexagons) are then released into the environment and infect the
recipient cells, leading, in some cases, to a second mutagenic event by lysogenization (2).
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FIG. 5. Construction of a new donor strain, MFDpir (see the text for details). The introduction of RP4-2-Tc::Mu into the chromosome of SM10
and that of its derivative, ®7249, occurred in glvB. This resulted in duplication of Mu, with each copy (Mul and Mu2) flanking the core RP4 and
displaying the same orientation. The two Mul and Mu2 copies, along with the remains of the interrupted tetracycline resistance region ('tetA-R
and tetA"), were removed and replaced by cassettes providing resistance to apramycin (apra) and zeocin (zeo), respectively. After transduction of
the Mu-free RP4 region into MG1655, the kanamycin resistance gene aphA was replaced by a cat-FRT cassette; the chloramphenicol resistance
gene, cat, was subsequently excised using Flp recombinase. Then, the II-encoding dapA::pirl16-erm locus was introduced into the strain. The recA
gene was finally replaced by a kan-FRT cassette, and the kanamycin resistance gene, kan, was removed with Flp, giving the new donor strain,

MFDpir.

chromosome led to the duplication of Mu, with each copy
(termed Mul and Mu2, respectively) flanking the RP4 core
plasmid (Fig. 5). In order to remove Mu from this strain, we
replaced Mul and Mu2 with genetic elements conferring apra-
mycin and zeocin resistance, respectively (Fig. 5, step 1). This
procedure also enabled us to delete the remains of the fetRA
region that had originally been interrupted by Mu in
RP4-2-Tc::Mu (Fig. 5, step 1). We then transduced the RP4
AMu region from w7249 AMul::apra AMu2::zeo into MG1655,

and we verified that the resulting strain did not contain any
other copy of Mu (Fig. 5, step 2). To reduce the number of
antibiotic resistance markers and to make the strain compati-
ble with most available delivery vectors, the kanamycin resis-
tance gene carried by the RP4AMu region was deleted and
replaced by an excisable cat-FRT chloramphenicol resistance
cassette that was subsequently removed using Flp recombinase
(Fig. 5, steps 3 and 4) (10). We then introduced the pir locus
dapA::pir-erm from »7249 and a ArecA::kan-FRT mutation to
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reduce the efficiency of an internal homologous recombination
(Fig. 5, steps 5 and 6). Finally, the kanamycin resistance
marker was removed using Flp recombinase to produce the
new Mu-free donor strain, MFDpir (Fig. 5, step 7).

In order to demonstrate that the RP4 region of MFDpir was
still functional, we introduced the II-dependent pSC189-Cm
plasmid and performed conjugative mating with the recipient
strain, MG1655-s Alac. The frequency of the transconjugants
carrying the TnSC189-Cm transposon (Cm") was similar to
that observed using the parental strain, 7249, suggesting that
the alterations we made in the RP4 region did not affect the
conjugation process (Table 3). While transconjugant frequency
using MFDpir is slightly lower than that observed with SM10
Npir or S17-1 Npir, it is similar to the transconjugant frequency
obtained with the parental Anic strain, ®7249 (3).

The transconjugants tested were all Lac™ and devoid of any
Mu sequence, as shown by PCR, confirming the absence of Mu
or lac transfer when the new Mu-free donor strain was used
(Table 3).

Altogether, these results indicate that the new MFDpir do-
nor strain is an efficient alternative to the use of S17-1 Apir and
SM10 Apir donors and can be used to introduce exogenous
DNA into a target strain, thus avoiding undesirable side effects
resulting from the presence of Mu in currently available donors
derived from the original S17-1 Apir and SM10 Npir strains.

DISCUSSION

In spite of—or because of—the wealth of information pro-
vided by genome sequencing and subsequent microarray gene
expression analyses, the functions of a large fraction of iden-
tified bacterial genes remain unknown or have not been exper-
imentally validated, even in well-studied model organisms such
as E. coli (22). Most gene function studies rely on direct in-
vestigation of bacterial-gene function through creation of mu-
tants. While different PCR-based site-directed mutagenesis
strategies were developed in the past decade to facilitate such
analysis, random genetic screens aimed at identifying the ge-
netic basis of phenotypes expressed under different growth
conditions or environments remain a very fruitful approach (4,
23, 26, 32, 38, 39). In many bacteria, random mutagenesis is
performed via the introduction of transposons carrying antibi-
otic resistance markers into the chromosome of the target
strain (20). The introduction of the inactivating element by
conjugation of a suicide vector therefore remains the method
of choice for performing cheap, broad, and relatively unbiased
genomic screens.

The integration of RP4 mobilization functions in E. coli
strains S17-1 and SM10 by Piilher and collaborators was orig-
inally designed to allow the conjugative transfer of foreign
genes in non-E. coli Gram-negative bacteria included in the
RP4 host range, such as Rhizobiaceae (40). Although state of
the art at the time, it also allowed the incidental introduction
of a functional Mu prophage into these strains and their re-
spective Apir derivatives, which have since been widely used for
conjugation transfer of exogenous DNA, including suicide
transposon-carrying vectors, to a large number of bacterial
species (E. coli [4, 23, 29], Klebsiella pneumoniae [7], Edwards-
iella ictaluri [46], Rhizobium meliloti [33], Vibrio cholerae 28],
and Erwinia carotovora [32]). In some cases, it was reported
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that transconjugant transposon mutants obtained using S17-1
and SM10 donor strains did not display the expected genetic
linkage between the screened phenotype and insertion events
or phenotype instability in transconjugants, but the reasons for
these inconsistencies were not investigated (26, 38). In this
study, we show that both E. coli S17-1 \pir and SM10 \pir
donor strains transfer Mu bacteriophage at high frequencies
into recipient E. coli cells by both Afr and de novo infection.
Our data demonstrate in particular that Mu transfer to the
recipient cell can be independent of the conjugative process
and mainly results from infection by Mu phage particles re-
leased into the culture medium by E. coli S17-1 \pir and SM10
Apir donor strains. Since we observed Mu transfer using S17-1
Npir, SM10 Apir, and ®7249 coming from many independent
sources (different laboratory collections), this suggests that Mu
contamination is not specific to our own strain collection but
rather is an intrinsic feature of the original S17-1 A\pir and
SM10 Mpir. Moreover, in addition to the conditions used to
perform conjugation, we randomly selected two other mating
procedures in the literature (38, 40). Despite strong differences
between these procedures regarding mating duration (2 h or
24 h), media (LB or RMGC), and growth conditions (on plates
or in broth), we observed a high frequency of Mu transfer to
the transconjugants in each case (data not shown), suggesting
that S17-1 N\pir- and SM10 A\pir-mediated Mu contamination
occurs efficiently when classical conjugation protocols are used.
Therefore, we speculate that many inconsistencies observed
during S17-1 \pir- and SM10 \pir-based screens performed on
Mu-sensitive bacteria could result from infectious and silent
transfer of Mu from donor to recipient strains, in addition to
the expected transposon insertion. This second mutagenic
event is indeed likely to affect the outcome of many site-
directed mutagenesis experiments and to complicate correct
gene function assignment. Moreover, Mu is known to replicate
by transposition, inducing subsequent DNA rearrangements
and therefore contributing to genetic instability and highly
variable phenotypes (47). However, despite these shortcom-
ings and to the best of our knowledge, infection of other
recipient strains by bacteriophage Mu in transposon mutagen-
esis experiments has not been reported. This may be due to
the fact that not all potential recipient strains display equal
sensitivity to Mu infection. Mu phage particles indeed infect
their target cells by binding to terminal Glcal-2Glcal or
GlcNAcal-2Gleal oligosaccharide residues in the lipopolysac-
charide (LPS) outer end (36). As a consequence, Mu-resistant
strains are expected to be less affected or unaffected by the
double-mutagenesis event occurring during conjugation. In-
deed, we did not observe any transfer of Mu from the S17-1
Apir donor to uropathogenic E. coli strain CFT073, which car-
ries the LPS core type R1 and is not recognized by Mu, when
performing mating between these two strains (data not shown).
The natural Mu host range is rather limited but includes many
pathogenic bacteria, such as Salmonella enterica subsp. arizo-
nae, Shigella dysenteriae (43), Citrobacter freundii (13), and Er-
winia chrysanthemi (49), and clinical strains of E. coli that
harbor the Mu-sensitive LPS core type R2 (1, 18, 36). While
transfer of Mu during mutagenic conjugation may reveal some
phenotypes that can only be observed with two independent
mutations, it remains an important barrier to the proper ge-
netic characterization of these organisms, some of which are
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being used as model bacteria. Furthermore, while Mu inser-
tions are restricted to Mu-sensitive bacteria, this still repre-
sents a significant number of strains, considering all natural
isolates of each species now studied to explore bacterial biodi-
versity (34, 44, 48). Finally, Mu-resistant recipient strains are
not absolutely protected from Mu contamination, since Mu
can also enter the cell via Afr. This may seriously impair the
outcome of mutagenesis performed on resistant strains, since
Mu has been reported to develop in many bacteria besides E.
coli (Enterobacteriaceae, Rhizobiaceae, Pseudomonas, and
other Gram-negative species), where it can generate progeny
and chromosomal rearrangements (51).

Whereas alternative methods have been developed based on
in vivo triparental mating or in vitro insertion of transposition
complexes into the target strain by electroporation (19, 21, 41),
these methods are costly or require appropriate combinations
of strain and plasmid markers to allow selection of proper
insertion events. To circumvent the problems caused by sec-
ondary Mu insertion, we constructed a novel donor strain,
MFDpir, which combines both the improvements made re-
cently by Babic and coworkers in preventing transfer of chro-
mosomal DNA by an RP4-mediated /fr mechanism and the
absence of any Mu prophage that could contaminate the re-
cipient cells (3). This new donor strain remains as active as the
previous S17-1 A\pir and SM10 Apir strains in promoting muta-
genic conjugation and leaves open the possibility of using
transposons carrying many different resistance markers. In ad-
dition, its inability to grow in the absence of DAP facilitates
counterselection of the donor strain after conjugation. The use
of this new MFDpir strain should enable more straightforward
analyses of transconjugants produced by future transposon
mutagenesis in E. coli and other RP4 host bacteria.
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